During the last few years the technology in the near-millimeter and submillimeter regions of the spectrum has been developing rapidly so that significant applications have been realized. For example, tunable highresolution spectroscopy using lasers, radic astronomical observations, plasma diagnostics and submillimeter radar modeling are being actively pursued.
Important projects can now be realistically planned for high-altitude aircraft and satellite-based aeronomy, astronomy, and perhaps surveillance. Desirable components that are yet to be perfected are imaging array detectors and solid state sources; the two may well be related because any solid state oscillators in the submillimeter are likely to be weak and will require an array operating as a combiner/radiator.
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The availability and refinement of molecular beam epitaxy (MBE) has had a profound influence on electronic device fabrication technology. Virtually every -semiconductor device Is being improved through this technique, and equally important, a variety of new structures, physical phenomena and devices can now be conceived and investigated.
At Lincoln Laboratory we have placed our primary effort in the recent ARO *5 program on the fabrication of GaAs/GaAlAs heterostructures in order to study the physics of tunneling phenomena in such structures, to explore the negative differential resistivity, and to develop detectors, mixers and oscillators at high frequencies. The results so far have been exceedingly encouraging, so that we are planning to improve the present devices as well as propose the -.
investigation of a variety of new phenomena involving electron oscillations in coupled quantum wells, multiple-well effects, and tunneling devices in the form of transistors, detectors and lasers.
II. RESULTS .4;'
Progress during the contract period has been reported in the semiannual progress reports to ARO. Below are listed significant highlights, details of which appear in the reprints and preprints that are appended to this proposal, * plus the most recent progress. In most cases the work received additional support from other sponsors. 
3.
Persistent Photoconductivity in Quantum Well Resonators -Several photoconductive effects with characteristic time constants between nanoseconds and minutes have been observed in double-barrier tunneling structures.
In the persistent (long time constant) photoconductivity experiments, as the number of photons increases, the resonant current peak in the I-V curves increases and shifts to lower voltages. This is explained by modifications to the conduction band of the double-barrier structure due to positive charges in the barrier. These positive charges arise from ionization of DX centers which are known to exist in Si-doped AlGaAs.
Calculated I-V curves agree with measured ones, and the derived DX center density agrees with estimates from material growth parameters. (This subject matter is being prepared for publication.) The high-speed photoconductive mixing effects were observed by means of laser mode beating. They are under further investigation to establish the limiting process, whose time constant is likely to be of the order of 100 fs.
Tunneling current calculations have been refined to include the effects of charge accumulation and depletion at the barrier interfaces, leading to a better fit to the experimental I-V curves. Controlling the depletion region outside the barrier by suitable doping can decrease the capacitance and thereby raise the cut-off frequency of tunneling devices toward their intrinsic limit.
Heterodyne Experiments from Millimeter Wave to Optical Frequencies Using
GaAs MESFETs above fT -Response of GaAs FETs in millimeter-wave and optical heterodyne experiments has been obtained at frequencies above the frequency of unity current gain, fT" In the mixing of two visible lasers, beat frequencies as high as 300 GHz have been observed. These 
5.
Solid-State Submillimeter Heterodyne Radiometer -We have developed a solid-state submillimeter-wave radiometer which we have used to measure the rotational temperature of the H 2 0 transition at 557 GHz (110 + lo) in a water vapor jet expanding into a high-vacuum chamber, repeating earlier measurements which used a laser or carcinotron local oscillator.
(See, e.g., APPENDIX IV.) Key advances in this radiometer are its high sensitivity, stability, compactness and low operating power requirement. Heterodyning is obtained in a corner cube mixer by using one far-IR laser as signal source and a second one, operating on the same laser line, as the LO. A crucial feature is a frequency tracking chain which ensures that the beat frequency between the two laser outputs, after a second conversion, remains stable to less than 50 kHz. The tracking system consists of a computer-coupled IF frequency counter and a frequency synthesizer that generates a correction frequency which is fed to a second mixer. The receiver will be used for electromagnetic scattering measurements in the far IR spectral region for an Army project.
7. Submillimeter Radiometer Field Measurements -As a result of earlier support by ARO, which led to the development of low-noise Schottky diode mixers in the submillimeter, we have collaborated with other groups in the application of sensitive radiometers to astronomical problems.
During a third expedition to the Mauna Kea Observatory in Hawaii, the distribution of the J = 6 + 5 transition of CO in Orion was measured for the first time, and several first detections were made of the same transition in other galactic sources. (See APPENDIX V for details.) The 14 general techniques of carrying out submillimeter radio astronomical measurements are described in APPENDIX VI.
. APPENDIX I
Resonant tunneling through quantum wells at frequencies up to 2. Quantum wells are the subject of considerable theoretichemical vapor deposition using a p-n junction for charge cal and experimental study. They consist of thin ( < 100 A)
injection. These previous measurements, however, have layers of material, usually a semiconductor confined shown only small regions of negative resistance, if any, and between two layers of a different material with a larger band near unity peak to valley ratios. No resonant tunneling feagap. In this way carriers are confined to the lower band-gap tures were observed at room temperature. Also no measurematerial. The most studied system uses molecular beam epiments of response time were reported. taxy (MBE) to fabricate GaAs wells adjacent to
The structure, shown schematically in Fig. 1 , was preGa, l,,A1 As barriers. The properties of the wells are usually studied optically or characterized by their transport be-01 1 W 2 W havior. If the barriers are sufficiently thin, then carriers can tunnel through them, and it becomes possible to probe the TAE quantum wells with carriers. We have studied resonant tunEl neling through a single quantum well of such a system.
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In this letter we report the first observation of resonant z Z z tunneling at coom temperature and a broad region of nega- This expression is obtained following Torrey and Whitmer,' THz. Since the general shape of the two curves is the same, it but accounting for the mismatch between the antenna imfollows that the I-V curve at 2.5 THz must be very similar to pedance Z, of the corner cube and the device impedance in the dc I-V curve. In addition, the magnitude of the calculatthe limit wR, C> 1 and R, .<(dd,1dV)-. Here, " is the seced current response agrees rather well with the measured ond derivative of the dc I-Vcurve, C the device capacitance, curve considering the uncertainties in the parameters of Eq. r the angular frequency, and R, the series resistance. We (1). The somewhat greater discrepancy between measured have used Z, = 50 Y2 from model measurements on the corand calculated values at large voltages may be due to quanner cube at 10 GHz. This value is uncertain by perhaps a turn effects of photon assisted tunneling. The agreement is factor of 2 because of the large scaling factor. The series sufficient to show that the charge transport mechanism is at resistance was calculated from the sum of the spreading releast as fast as the angular period of 2.5 THz, i.e.. sistance (2 . ), resistance of the overgrown GaAs (442 ), and r = 6 x 10 s. Further verification has been obtained by skin resistance of the chip (5.5 42 ). The capacitance is just the mixing two sources near 140 GHz in the device, as well by barrier capacitance of 290 fF as calculated from the device the observation of far infrared laser mode beats at 434 and dimensions. 119jum. These first quantum well structures were not meant At all three frequencies the measured current response to compete with Schottky diodesis detectors. IThe responsiagrees with the calculated value within a few decibels. In seem to be reproducable within 10%-20%. Three devices .14 randomly chosen from the same wafer were found to be virtually identical. It is a pleasure to express our appreciation to the many dc curve, and thus the charge transport is fast.
people who helped in the fabrication of these devices, in par The tunneling current density of these devices is rather Oscillations have been observed for the first time from double barrier resonant tunneling structures. By eliminating impurities from the wells, we have been able to increase the tunneling current density by a factor of nearly 100. With the attendant increase in gain and improved impedance match to the resonant circuit, the devices oscillated readily in the negative resistance region. Oscillator output power of 5 /W and frequencies up to 18 GHz have been achieved with a dc to rf efficiency of 2.4% at temperatures as high as 200 K. It is shown that higher frequencies and higher powers can be expected.
Negative differential resistance has been observed preobserved it is necessary to terminate the negative differential , viously in double barrier resonant tunneling structures'.
impedance with a positive impedance of the same order. (quantum well resonators), recently with large peak-to-valIn this letter we report the first observation of oscillaley ratios 2 (6 to 1) and fast charge transport 2 (-< i0 3 s). tions from a quantum well resonator. (The tunneling mechaThe high impedance of those earlier devices prevented oscilnism involved here is in contrast to the GaAs/GaAIAs helations, but allowed observation of the negative differential terojunction real-space transfer oscillator reported by resistance region since they could be stably biased by a lower Coleman et al. 3 to oscillate at 25 MHz.) Fabrication of much impedance voltage source at all frequencies. Under the corhigher current density devices allowed the negative impedrect circuit conditions, microwave oscillations would be exance to be more closely matched to coaxial component impepected from quantum well resonators because of the higir dances. The maximum output power of SyW remained relaspeed negative differential resistance. For oscillations to be tively constant up to temperatures of 200 K. The maximum measured when oscillating at 4 OH&. The diference is due to self-detection. observed frequency of oscillation was 18 OHz. This was limited more by the coaxial circuits as described below than A coaxial resonant cavity was used for these oscillators by the intrinsic time constants of the quantum well resonawith the quantum well resonator at one end of the cavity, as tor. These results are consistent with the more indirect oshown schematically in Fig. 3 . The minimum cavity length servation in Ref. 2 of rapid response times.
we could easily achieve resulted in a maximun fundamental The mesa-isolated quantum well resonator, as fabrioscillation frequency of 9 GHz. However, it was sometimes cated, is shown in Fig. 1 . A typical mesa diameter is 3 /jm. possible to observe oscillation in the higher modes so that The layered structure is grown on an n ' substrate by molecfrequencies up to 18 GHz were obtained. This was the maxiular beamn epitaxy. A thin layer of GaAs is sandwiched mum frequency for which the coaxial circuit components between two thin layers of Gan.7 Ale.3 As. The addition of were well behaved. aluminum raises the band gap above that of GaAs so these The spectrum of a quantum well resonator oscillating at regions act as partially transparent mirrors to electrons, the 8.2 GHz and at a temperature of 200 K is shown in Fig. 4 . charge transport taking place by tunneling through the 50-The bandwidth here is limited by the spectrum analyzer reAt-thic barriers. These two mirrors form a sort of electron solution, but in measurements at higher resolution the bandFabry-Perot resonator with peaks in the electron transmiswidth was limited by mechanical stability of the cavity to sion (current) as a function of incident electron energy (voi. about 10 kHz. The wings 40 dB below the peak, which exrage), tend out to a few MHz, are probably due to low-frequency It is clear from the Fabry-Perot analogy that coherence noise mechanisms in the charge transport process of the electron wave fuinction is required across the entire
The observed output in this case is 5/#W. The maxidouble barrier region. Any scattering which occurs in either mum available power from such negative resistance devices %the well or barriers will destroy this coherence, greatly reis given by" ducing the probability of transmission through the double3 barrier region. In previously reported structures the well re-P. = _Z_ VA4,
gion contained approximately 101 7 CM -3 donor atoms. By 16 eliminating these impurities, so that the well was nominally where A V (Al) is the voltage (current) extent of the negative undoped, the tunneling current density has been increased resistance. In this case the maximum avilable power is 17 by a factor of 100.
1AW. In view of the fact that no matching optimization has It is possible to damp the oscillators of the devices with been attempted, this is reasonable agreement. The observed negative impedances of greater than a few hundred ohms by dc to rf efficiency is 2.4% and the maximum efficiency based quencies of a few hundred gigahertz could be achieved. The S-output power would also be increased by increasing the current density.
Above-band-gap radiation generally increases the out- could produce monolithic structures with integrated antene mD the chae tainupo pm nas, resulting in high power coherent arrays similar to on Eq. (1) would be about 8%. Past work on tunnel diodes phased laser diode arrays. Anotherpossible use for quantum has achieved output powers higher than these due primarily well resonators is as self-oscillating mixers, since they have to their higher current density and somewhat higher A V. already demonstrated the ability to mix at submilimeter (We discuss increasing the current density in quantum well wavelengths. 2 The possibility of using the negative resistance devices below.) for amplification at high frequencies remains to be explored. We are pleased to express our appreciation to those who The maximum oscillation frequency we have measured helped fabricate these devices, especially J. J. Lambert, I. H. from this circuit is 18 fHz. The maximum oscillating freMroczkowski, and N. Usiak. Useful discussions were had quency one could expect from a negative resistance device with A. R. Calawa, H. Q. Le, B. A. Vojak, and H. J. Zeiger. with fast charge transport is given by ' We would especially like to thank R. A. Kiel of AT&T Bell
Laboratories for some helpful suggestions. This work was where A, is the series resistance, A, is the negative differensupported by the U. S. Army Research Office. tial resistance, and C is the capacitance. For the rather large area devices we are currently using, this frequency is 35 GHz. This can be raised in several ways. The current density has already been increased (hence decreasing R for a given )bytwoordersofmagnitudeoverearlierdevicesbyredu- In the mixing of two visible lasers, microwave signal or a millimeter wave signal is beat frequencies as high as 300 GHz have been illustrated in Fig. 2 . observed.
These high IFs were down converted to microwave frequencies by radiatively coupling mmMillimeter Wave Mixing wave local oscillators into the gate region.
In The gate fingers are located in a drain-1 tpW and 50 mW, respectively. As an optical source spacing of -4 La.
Gate capacitance and detector the signal level was on the order of transconductance are typically 0.06 pF and 9.5 mS, 60 mV. A summary of mixing experiments in the respectively.
Consequently, fT is approximately optical region showing the relevant spectral ranges 25 GHz.
A photomicrograph of a typical device is involved is illustrated in Fig. 3 . The stabilized % shown in Fig. la . The FETs are mounted in the dye laser was tuned away from the He-Ne laser to common source configuration and biased in the produce IF frequencies ranging from 100 MHz to linear region.
The optical and millimeter wave 300 GHz. In order to cover this wide IF range signals are coupled radiatively into the gate three conversion techniques were used in different region of the FET, and the IF frequency is detected frequency regimes. Below 20 GHz the IF response was 'V at the drain terminal in a 500 system. The gate detected directly using a spectrum analyzer. * Between 20 and 40 GHz the IF response was This work was sponsored by the U.S. Army Research heterodyned down to 500 MHz by feeding a microwave Office and the U.S. Air Force (with specific local oscillator into the gate terminal of the FET. support by AFOSR).
The power of the microwave local oscillator used was approximately 200 mW.
Between 40 and 300 GHz, depletion layer and photo-induced effects at the down conversion of the millimeter wave IF signal depletion layer edges of the gate. If mixing is was achieved by coupling the millimeter wave LO produced by a net change in photo-induced carrier from a carcinotron into the gate region by means of density in the FET channel, then the rapid removal a closely spaced waveguide, as shown in Fig. 4 .
of one carrier type from the active device area is required. Both the lifetime and transit time of As a special case of optical mixing using only electrons through the gate region are too long to one laser, two modes of a He-Ne laser were also account for the observed high frequency response. mixed in an FET to produce an IF signal of 641 MHz.
Two possible mechanisms for more rapid carrier Plots of the detected IF signal were obtained by removal are the trapoing of holes by defect centers scanning the laser beam over the device in order to or the differences of sweep-out rate of electrons define the active region as shown in Fig. lb. and holes by the electric field. Trapping of holes Reduced response has also been observed from the has been proposed previously to explain the mode mixing of a Nd:YAG laser at 1.06 M, ie., increase of gate capacitance under optical below the GaAs bandgap energy, illumination.
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Then modulation of the drain current results from variation of the channel Discussion of Results thickness at the depletion layer edge. In Fig. 6 the response of the depletion layer under the gate The frequency limit in most GaAs FET to an applied E-field is shown. Because of the applications arises from the fact that the signal built-in potential of the Schottky barrier, charges is fed into the gate terminal, which is loaded by do not come from the gate metal, but rather they the depletion layer capacitance, Cg.
As a result, originate near the boundary of the depletion layer. the time constant associated with Cg and the If the charges induced by the radiatively coupled transconductance, gm, dominates the frequency E-field are confined to the edges of the gate, then response of the device.
The frequency of unity modulation of the current in the channel takes current gain is given by fT -g 3 /2wC and place.
The high frequency response follows by consequently is the primary frequency limit when virtue of the small incremental capacitance the signal is fed directly into the gate terminal, associated with the depletion layer edge rather However, fT is not necessarily the upper limit when than with the large capacitance of the entire signals are radiatively coupled into the device, depletion layer. In the case of millimeter wave mixing a second E-field is radiatively coupled in, Coupling optical signals into an FET has been to down-convert to IF frequenies which are detected reported previously.
Optically Fig. 5 . giving rise to mixing in an FET over a broad Iptical illumination generates carriers in the frequency range. More complex mechanisms than depletion layer, which are then swept out by the those discussed above may have to be invoked to electric field, producing a photocurrent iph.
The explain the response that has been observed in the associated gate photovoltage in turn modulates the saturated current regime, and the reduced response depletion layer, varying the drain current via the observed from the mode mixing of a Nd:YAG laser at transconductance of the FET.
Since modulation of 1.06 um, below the band gap energy. the drain current is based on the photogenerated voltage at the gate terminal, the frequency In view of the inefficient coupling of response of a FET to an intensity modulated optical millimeter wave and optical signals into the excitation will still be constrained by fTdevice, it seems appropriate to consider device essentially the same limit as for an FET in a configurations that might provide tighter coupling. microwave application where the input signal is Gamel and Ballantine 3 have proposed coupling the connected directly to the gate terminal. The above optical signal into the PET using an optical mechanism can be extended to explain optical mixing waveguide positioned parallel to the FET gate. The at IF frequencies below iT, such as mixing of two analogous device for mixing in the millimeter wave modes of a He-Me laser in an FET to produce region would utilize a dielectric waveguide carriers at the beat frequency of 641 MHz.
parallel to the gate. Devices without gates could also be fabricated to test the relative importance For IF signals significantly above fT it is of the depletion layer in optical and millimeter not possible for the depletion layer to follow the wave rixing. A second possibility is using GaAs beat frequency because of long time constants optical or millimeter waveguide on a layer of SiO 2 associated with the large depletion layer and thereby fabricating the device as an integral capacitance.
Hence a different mechanism must be part of the guide. GaAs and InP optical waveguides responsible for the observed mixing, such as fabricated using epitaxial overgrowth have been photoconductivity with consequent modulation of the reported by Leonberger and coworkers.
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We suggest the fabrication of FETs on an n-type layer grown over the semi-insulating waveguiding structure. In
Ilk. 26
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this second approach the waves would be propagating within the device rather than coupling to the fringing fields. Experimental devices such as those described may provide better coupling to the optical or millimeter waves, as well as a means to obtain additional data for the understanding of the physical mechanisms which produce mixing in FETs at 
Mar. 1981. As outlined in the apparatus sketch of Fig. 3 , continuum using the tunability of this system. With less than 2 mW of fundamen-radiation from a Hg-arc lamp was transmitted through the nal entered a N 2 dry box (required to remove atmospheric water that would mask the spectral absorption effects inside N earlier studies of the radiation transfer characteristics of the chamber), and was focused into the 0.5 mm waveguide isentropically expanding H 2 0 molecules, a Schottky-barrier of the mixer. With a fundamental frequency of 281.5 GHz. GaAs diode mounted in a corner reflector configuration [I] the harmonic mixing occurred between 563 GHz and the 557 was used as the first-stage mixer of a high-resolution submilli-GHz signal to produce a 6 GHz intermediate frequency (IF) meter-wave heterodyne radiometer. This instrument, with a for the first stage of the double heterodyne receiver. resolution capability better than 1 MHz, was used to make the After preamplification and filtering, a second mixer was used first rotational excitation temperature measurements of the to beat the IF down to -3 GHz with a tunable X.band frequency para-H 2 0 752 GHz (2, -2o2) line (see Fig. 1 ) in supersonic generator. The receiver resolution was fixed by a 3 GHz wave. flow [21, [3] . A C0 2 -pumped HCOOH laser at 761 GHz guide cavity filter with a 1 MHz passband. Signal processing proved to be a convenient source of local oscillator (LO) and recording were then carried out by phase sensitive detec. power, providing a manageable 9 GHz intermediate frequency. tion similar to that of the original experiments [2] , [3] . Although this system was highly sensitive at the wavelength With a combination of carcinotron and harmonic mixer, a required for the 752 GHz line, obtaining sufficient local oscil-double-sideband system noise temperature of 50 000 K was lator power at the wavelengths of other lines, such as the measured at the fundamental frequency of 281.5 GHz required intense 1 10 4-lot transition of ortho-H 2 0 at 557 GHz ksee in the experiment. Since a large part of the 50000 K was Fig. 1 ), proved to be extremely difficult. It was for this reason generated by the carcinotron itself, substantial improvements that a highly tunable harmonic system was developed, in sensitivity would be realized by greater filtering of the local Backward-wave oscillators (BWO or carcinotron) are readily oscillator. This temperature was approximately double the available with acceptable power levels for this application up value of 23 000 K previously measured in testing at 285 GHz to 400 GHz. Furthermore, the concept of using second-har- [5] . Since the carcinotron maximum available power at 281.5 monic mixing for radiometric measurements has been demon. GHz was about a factor of ten lower than the 2 mW at 285 strated at 600 GHz [4] . In the present work, a highly sensitive GHz, it is logical to conclude that the receiver was LO starved crossed-guide doubler [5] , based on a design scaled from lower in these experiments and that increases in the fundamental frequencies [61, was used to establish the feasibility of this power level could result in further sensitivity improvements. type of high-resolution spectral-line radiometric measurement
In spite of the limited LO power and sensitivity, the signalrequired for investigations of molecular temperatures in super-to-noise ratio was sufficient to trace line shapes with a 1 s sonic gas flows. This doubler, shown in Fig. 2 , employs funda-integration time on the phase sensitive detector. As presented mental waveguide at I and 0.5 mam, separated by a coaxial in Fig. 4 . the preliminary trace of the H 2 0 absorption line at choke to isolate the harmonics. In combination with a 300 557 GHz had a linewidth of about 6 MHz. and reached a rotational excitation temperature (assuming 100 percent optical 
molecular translational temperature of the isentropic expan-
In future experiments, substantial improvements in resolution sion. and to cool to below room temperature within a few and sensitivity through the use of a filter bank are expected nozzle diameters downstream. In this case. the nozzle size to make possible more precise measuremenis of the line prowas 2 cm in diameter and the observations were made along file. In addition, with the present success achieved from less a radiometer line-of-sight 50 nozzle diameters from the jet than 2 mW of fundamental LO power, it now seems likely exit plane. Changes in the 557 GHz rotational temperature that the output of a solid-state power source at 94 GHz may with distance downstream and details of the line profile are be tripled by solid-state circuitry to supply sufficient power subjects of continuing investigations employing this new radio-for replacing the carcinotron in a next generation of' this metric capability, radiometer. GHz IF amplifier is a field effect transistor with a noise (Phillips etat. 1977 and , there was an apparent temperature of approximately 50 K. The entire system. total absence of the prominent narrow-line feature. A including an IF matching network (and bias Tee), had a related question was the correlation of this high rotanoise temperature of 3900 K double sideband at 432 tional state of excited CO with the gas kinetic temperaI&m.
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-9" ture and hydrogen density and whether it is localized to The number of the 5 MHz wide channels in the IF the region near the cloud core. Finally, this observation filter bank was increased over the earlier experiment to pointed to the possibility that regions of comparable 64 in order to improve the baseline accuracy. Instead of molecular excitation (T> 100 K) may be found in the position switching, which was used in the first expericores of other molecular clouds. ment, the chopping secondary with a 120" excursion In the current observations made in 1981 February at was used to improve the signal-to-noise ratio and to -.. " the Infrared Telescope Facility (IRTF) on Mauna Kea, reduce baseline drift. The extended distribution of exeach of these points has been addressed. The spatial CO cited CO introduced a degree of reference beam distribution has been investigated with high resolution contamination with this approach. We will study this * (35"). Areas with both narrow line features and broad problem during a future observing period to determine .
"plateau" emission have been identified. Other sources, how severe it is.
S.
with an antenna temperature almost an order of magniDuring the experiment particular attention was given tude cooler, have been measured and compared with to calibration of absolute temperatures and to delower frequency studies. An attempt has been made to termination of the beam size and shape. Daily measureanalyze the data quantitatively with a rate equation ments were made of the total amount of precipitable approach and to fit it to a kinetic model.
-water vapor using a Westphal near-infrared solar absorption meter. In addition, atmospheric transmission . These measurements were then indicated that the intensity scale was consistent to -20%. compared with direct observations of the Moon and
The mapping of CO (J = 6 -5) in Orion A shows the Jupiter every few hours. From these comparisons we localized plateau emission at position (asso = 5 h 3 2 m 4 7 s, derived an absorption coefficient for each observing day 81950 = 5*24'21") in addition to the extended narrow -.which varied from Tr = 0.6 to 1.2. These values indicate emission observed in CO mappings at lower frequencies.
water vapor amounts of < I precipitable mm in a vertiIn comparison with earlier CO measurements at J = 1, 2. cal column. The absorption at 691 GHz during our and 3, there are three apparent differences (see Fig. 2 ): observing period was exceptionally low, even for a site (1) the narrow emission is not homogeneously struclike Mauna Kea. All of the observations were then tured; (2) the plateau emission is more pronounced, nd corrected using the derived coefficient, the elevation (3) the plateau exhibits a different profile and a dip in angle, and the measured telescope efficiency.
the center rather than a spike. Our antenna temperature The absolute intensity scale was derived from reof 70-80 K for the extended emission agrees qualitapeated observations of Jupiter assuming a continuum tively over most of the region with lower frequency data. temperature of 130 K for the planet (Wright 1976). At
There is an apparent falloff in intensity away from the time of observation Jupiter was 40" in diameter. A BN/KL. A slight E-W asymmetry in the distribution is map of Jupiter showed that the beam was circularly also observed ( Fig. 2) . It is most pronounced at the 0" symmetric with a relatively low beam efficiency (20%) and -30" decl. positions. In addition to regions of caused by spillover of the telescope secondary and led to plateau and narrow line emission, there are locations a determination of 35" for the beam diameter (FWHM).
where both are simultaneously observed such as Fig. 2a and Fig Figure 1 illustrates the CO spectra at two points in sured temperatures as high as 120 K. The 3 -2 and Orion at the BN/KL position and I' south. These 4 -3 transition of CO has also shown enhanced emisspectra were taken by beam switching the telescope for 6 sion at BN Huggins et a. 1981 ; van minutes. Figure 2 shows part of the data obtained from Vliet 1981). However, these hotter regions in the exour observations of Orion as a function of position. The tended spike emission have not been observed at lower measurements, which were repeated on different days, frequencies.
In the center position (BN) we found an antenna temperature of 180=36 K for the plateau emission.
200
which is somewhat higher than our previous result OO (Fetterman etaL 1981; Goldsmith etaL 1981) . The ISOcO J-6-5 4 velocity distribution of the earlier measurement of the J = 6 -5 transition differs somewhat from our present 7: !..
profile: the FWHM was only 26 =5 km s-as corpared to 38=5 km s', and no dip appeared close to line center. The smaller width could be partly attributed to the uncertainty in the earlier baseline. Also, the •0 oposition of observation for our first spectra may have been as far as 30" E of the BN peak. which was the center of our current observations. assumed to have a Gaussian velocity profile, is about b) Other Sources ,45" in right ascension and 35" in declination. This is in close agreement with earlier mappings at lower J levels Several other sources were observed in these runs and (Phillips et at 1977; Solomor-, Huguenin, and Soville are shown in Figure 3 and compared with other J levels 1981). The plateau emission, when separated from the in Table 1 . They do not exhibit the large intensity , rL . .narrow feature and fitted to a Gaussian, is hotter at increase observed in the J = 6-5 CO line in Orion. ' "-J = 6 -5 than at lower J levels, both at the center and This indicates that either the lines are optically thick in '. "in the wings. At 25 km s -almost a perfect j2law is these sources or the region has a lower density and is obtained for the antenna temperatures, consistent with sub-LTE in the J =6 levels. The profiles in IRC + 10216
-"an optically thin line at LTE. At line center the ratio appear very similar to the J = 1-0 and 2 -I transitions an apparent double line similar to the profile of the of source structure on the measured intensity. An effort J = 3-2 CO line (Phillips et aL. 1981) and the HCO + is being made to understand these systems using a rate line (Holis et at. 1975) ; however, the data of Phillips equation model analogous to that which will be deet at. refer to a position 3' south of our data. Although scribed in the next section. Some of the sources observed our high spatial resolution (35") permits us to observe here have also been examined at higher J levels (Storey various hot H I regions, the different angular sizes of et at. 1981). The upper limits for excitation temperatures these sources introduce various degrees of beam diluobtained there are consistent with the measurements tion. Further studies of these clouds will reveal the effect reported here. emission has recently led to the model of a shock wave S4 w9expanding into the molecular medium (Kwan 1977) . For conversion of the H2 molecules in the hot shock front, a maximum shock velocity of 24 km s-1 has to be im-
The detection of CO emission from high J levels 9 The J = 6 -5 emission could have its origin in an Although the signals are weak, the general shapes are consistent even cooler region farther behind such a shock front. In with observations at lower frequencies. The integration time for this region. however, the gas velocity has also dropped these runs was 6 minutes per scan.
to substantially below its value at the shock front, and it
Introduction
Ground-based astronomy at wavelengths between 100 M and I m is severely restricted by the opacity of the atmosphere, primarily due to water vapor absorption, and to a lesser extent, other molecular constituents. The recent construction of infrared telescopes at high altitude sites, such as the Infrared Telescope Facility (IRTF) atop Mauna Kea, Hawaii, and Cerro Tololo in Chile, now provide submillimeter astronomers with the opportunity to make extended observations above a substantial fraction of the atmosphere. The advantage of such a site is considerable, but sensitive receivers and protracted integration time are still normally required to achieve adequate signal to noise. A number of innovative techniques have been developed for submillimeter detection, and for the astronomer the choice is generally a compromise among resolution, bandwidth, and sensitivity.
CO, a stable and therefore abundant interstellar molecule, has been identified in scores of astronomical objects. The large dipole moment associated with CO makes it particularly useful as a probe of molecular hydrogen, assuming thermal equilibrium. Several CO rotational transitions have been observed in the molecular cloud Orion, using both coherent and incoherent techniques.
This particular object is noted for its breadth, extending more than 30 arcminutes (= 1.5 x 1019 cm). 1 Coherent heterodyne receivers employing InSb hot electron bolometers as detectors/mixers have been used to observe the lower frequency transitions (J-2+1, J-3+2).
2 , 3 The high resolution intrinsic to heterodyne detection has yielded narrow spectral features that provide important information about the chemistry and kinetics of interstellar gas clouds.
The disadvantage of this technique is the limited instantaneous bandwidth (-1 MHz) associated with InSb detectors. Until recently, higher frequency CO transitions have been limited to observation by incoherent detection using passive interferometric filtering for spectral analysis. 4 This method suffers from relatively poor frequency resolution, revealing insufficient information
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Instrumentation
In an effort to overcome these obstacles, a receiver has been developed that incorporates a stabilized laser local oscillator within a heterodyne radiometer. A block diagram of the receiver is illustrated in Fig. 1 Figure 1 . The coherent quasi-optical receiver includes a 692 GHz laser local oscillator.
Pek .
The development of a quasi-optical Schottky diode mixer mounted in a corner reflector configuration, demonstrating high sensitivity at submillimeter frequencies (NEP -1.3 x 10 -1 9 W/Hz at 670 GHz), suggested the possibility of astronomical measurements. 5 The 15* FWHM acceptance angle of the mixer permits free-space coupling to the antenna with minimal signal loss. The extremely broad bandwidth (>18 GHz) of these devices is ideally suited for spectral analysis of atmospheric and extraterrestrial molecular transitions, which typically exhibit linewidths of 030 MHz or more because of the large velocity distributions. 6 This characteristic allows the entire spectrum to be acquired simultaneously with a filter bank, an important consideration when fluctuating atmospheric conditions and dynamic sources give rise to time-variant signals. By avoiding the need to retune the local oscillator or filters, acquisition time is determined only by the signal strength of the source.
At present, the requisite power and attainable spectral purity of the local oscillator mandates the use of a laser at frequencies above 300 GHz. Although optically pumped submillimeter lasers do not provide the tunable frequency continuum normally expected of a local oscillator, they have an abundance of discrete far infrared lines that make them quite suitable. The primary disadvantage of using a free-running laser local oscillator is significant frequency and amplitude instability. This instability can be attributed, in part, to thermal expansion of the resonator cavities, resulting in long term drift. Feedback into the C0 2 pump laser, in turn, enhances acoustic noise, creating audio frequency modulation. The lower limits of the radiometer's resolvable bandwidth are defined by such instability. In order to fully exploit the advantages of the receiver, the drift and noise have to be reduced to a minimum. The CW far infrared (FIR) laser designed at NASA/GSFC employed several techniques to improve these characteristics.
Passive stabilization of the FIR cavity was implemented by using invar rods for mirror separation, with aluminum sleeves compensating for the slight thermal expansion of the rods. Active frequency locking of the .
5.
Moiecular Astronomy at 691 GHz 333 CO 2 pump laser was achieved by rotating a ZnSe window in the beam path slightly from Brewsters angle and sampling a small fraction of the beam. This portion was monitored by a temperature-controlled Fabry-Perot cavity, from which an error signal was derived and fed back to a piezoelectric translator controlling the CO 2 laser cavity length. Finally, the CO 2 pump beam was injected into the FIR resonator off-axis. This provided for well-controlled propagation of the pump beam, and eliminated reflections from coupling back into the C02 laser. By these means short-term frequency fluctuations were limited to < 10 kHz, and long-term drift was reduced to 14 kHz/min. A complete description of the local oscillator has been given elsewhere.
7
The J-6-*5 transition of CO, the source of emission for these experiments, lies at a rest frequency of 691.47 GHz, on the edge of an atmospheric transmission window. A CHOOH (formic acid) laser, oscillating at 692.95 GHz when pumped by the 9R20 line of the C0 2 laser (45W), was chosen as the local oscillator. This particular laser consistently provided 15 to 20 uW, with outstanding stability characteristics when operated as described above.
Optics
All of the observations performed with the receiver thus far have been made at NASA's Infrared Telescope Facility (IRTF) on the summit of Mauna Kea at an altitude of 4200 m. The telescope has a 3m primary reflector, and uses a computer system capable of tracking targets with < 2 arcsecond pointing accuracy. Since the instrumentation in these experiments was complex and rather unwieldy, the receiver could not be mounted directly on the telescope structure. Instead, the system was placed on an optical table at the coude" focus of the telescope which provided an f/120 signal beam. In an effort to match the beam with the acceptance angle of the corner-cube mixer, the signal was directed through a series of off-axis parabolic mirrors. The beam, as well as the local oscillator, was coupled to the mixer through an optical diplexer, whose separation was determined by the intermediate frequency of the receiver. By placing a 77 K blackbody load at the subreflector, optical losses The second experiment benefited from superior observing conditions, with transmission occasionally exceeding 40% at 692 GHz. This excellent atmospheric transparency allowed signal averaging to be reduced to 5 to 10 minutes per spectrum, and permitted the spatial mapping of Orion, as well as the identification of 7 other sources (Fig. 2) . The spectral structure observed LSR VELOCITY (km/s) Figure 2 . Two spectra observed in the Orion molecular cloud, separated by 1 arcminute. The broad "plateau emission" is believed to be from an optically thin source, while the narrow feature arises in an optically thick region. The frequency information has been transformed into Doppler velocity with respect to the astronomical local standard of reference.
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were determined to be about 30% between the telescope and the detector. These losses can be attributed primarily to sidelobes present in the detector antenna pattern. The system noise temperature of the receiver during the most recent observation was as low as 3700 K double sideband.
Signal Processing
The IF signal is directed through a matching network to a low noise (50 K), narrow band (300 MHz) amplifier. Spectral analysis is perfocmed by a 32 channel filter bank using 1 MHz or 5 MHz filters, at the discretion of the observer. A minicomputer is then used to record data, perform signal averaging, and direct the telescope beam switching.
Calibration
In order to accurately calibrate the receiver, signal absorption in the atmosphere had to be determined precisely. The opacity of the atmosphere is highly variable, depending on the amount of precipitable H 2 0 within the field of view of the telescope. Typical values for water vapor at Mauna Kea range from 0.5 -to 2.5 mm, corresponding to transmission between 50% and 10% at A -434 pn. The atmospheric transmission was determined before each observing period by evaluating the sky temperature measured at the receiver with the telescope at zenith. The differential increase in sky temperature as the telescope moves away from zenith is then used to calibrate total optical depth. 7 Finally, the continuum emission from a known source, typically Jupiter or Venus, was detected, permitting absolute calibration of antenna temperature.
Results
The initial field test of the receiver successfully detected the presence of emission from the CO J-6*5 transition in the Orion Nebula. 8 Several hours of integration time were required to achieve adequate signal to noise due to high levels of precipitable moisture in the atmosphere. This prevented the examination of other possible sources.
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